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The transmembrane domain of the outer membrane
protein A (OmpA) from Escherichia coli is an excel-
lent model for structural and folding studies of b-bar-
rel membrane proteins. However, full-length OmpA
resists crystallographic efforts, and the link between
its function and tertiary structure remains contro-
versial. Here we use site-directed mutagenesis
and mass spectrometry of different constructs of
OmpA, released in the gas phase from detergent
micelles, to define the minimal region encompassing
the C-terminal dimer interface. Combining knowl-
edge of the location of the dimeric interface with
molecular modeling and ion mobility data allows us
to propose a low-resolution model for the full-length
OmpA dimer. Our model of the dimer is in remarkable
agreement with experimental ion mobility data, with
none of the unfolding or collapse observed for full-
length monomeric OmpA, implying that dimer forma-
tion stabilizes the overall structure and prevents
collapse of the flexible linker that connects the two
domains.
INTRODUCTION
Integral outer membrane proteins (OMPs) of Gram-negative
bacteria are responsible for many critical functions, such as
interacting with host tissues, translocating proteins or solutes,
transducing signals, and maintaining the structural integrity of
the cell (Kim et al., 2012; Krishnan and Prasadarao, 2012).
OmpA, one of the most abundant proteins in Escherichia coli,
is found at about 100,000 copies per cell. This extensively stud-
ied protein contains 325 amino acid residues and consists of two
distinct domains. The N-terminal domain (TM-OmpA) comprises
169 amino acid residues and forms a transmembrane eight-
stranded b-barrel, as revealed by both X-ray crystallography
(Pautsch and Schulz, 1998) and nuclear magnetic resonance
(NMR) spectroscopy (Arora et al., 2001). The highly conserved
C-terminal periplasmic domain (CTD-OmpA, 156 residues) was
proposed to interact with the peptidoglycan layer in the peri-Structure 22plasm (De Mot and Vanderleyden, 1994; Sonntag et al., 1978).
Despite repeated efforts, it has resisted crystallization for the
past 30 years. However, the structures of several homologs of
CTD-OmpA have been solved. They include the protein RmpM
from Neisseria meningitides (40% sequence identity with
CTD-OmpA from E. coli) (Grizot and Buchanan, 2004) and the
CTD-OmpA from Acinetobacter baumannii (20% sequence
identity) (Park et al., 2012). In addition, the structure of CTD-
OmpA from Salmonella enterica (94% sequence identity) has
been deposited recently in the Protein Data Bank (PDB; acces-
sion number 4ERH). A first model of the full-length OmpA (FL-
OmpA) structure was generated by manually fusing the RmpM
protein to the N-terminal b-barrel from Pasteurella multocida
(Khalid et al., 2008). The recent structure of the A. baumannii
CTD-OmpA further suggested amolecular model for the interac-
tion of this domain with the periplasmic peptidoglycan layer
(Park et al., 2012).
OmpA has also been proposed to function as an ion channel
or porin in the outer membrane of E. coli (Arora et al., 2000;
Saint et al., 1993; Sugawara and Nikaido, 1992, 1994) as well
as in other species (Sugawara and Nikaido, 2012). This activity
was initially controversial because small and large conductance
levels were observed in different studies. The smaller conduc-
tances were 50 times lower than those of other well-character-
ized porins, such as OmpF. The larger conductances were
seen only with FL-OmpA, whereas TM-OmpA exhibited only
the relatively noisy small conductance behavior. This behavior
is consistent with the crystal structure, which revealed the
presence of several discontinuous water cavities rather than a
continuous water-filled pore (Pautsch and Schulz, 1998). How-
ever, as suggested by molecular dynamics (MD) simulations
(Bond et al., 2002), mutagenesis of several charged pore gating
residues and corresponding thermodynamic stability and
NMR relaxation experiments revealed a rearrangement of the
hydrogen bonding network within the barrel that could generate
fluctuating small conductance levels of the channel (Hong et al.,
2006).
Although most porins form trimers of 16- or 18-stranded
b-barrels, the 12-stranded b-barrel phospholipase OmpLA
from E. coli forms a dimer (Snijder et al., 1999, 2001). OmpA is
often considered to be monomeric, although FL-OmpA bands
corresponding to dimers are often seen with refolded proteins
(Rodionova et al., 1995) or on blue native-SDS-polyacrylamide
gels (Stenberg et al., 2005). Recently, the presence of OmpA, 781–790, May 6, 2014 ª2014 Elsevier Ltd All rights reserved 781
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Figure 1. Flow Diagram of Hybrid Experimental and Modeling
Approaches to Generate Models of FL-OmpA
A model of CTD-OmpA was generated with SWISS-MODEL, and 795 models
of the corresponding dimer were generated with SymmDock. Each model was
filtered based on crosslinking data and scored with IM-MS data. The best
representative was selected to model FL-OmpA by building chimeras based
on the NMR structure of TM-OmpA (1G90) and of the homologous linker from
2K0L. The models of FL-OmpA were finally validated by IM-MS. See also
Figure S1.
Structure
Model of FL-OmpA Based on Experimental Datahomodimers was confirmed by crosslinking in vivo (Zheng et al.,
2011). These studies localized the dimeric interface within the
periplasmic CTD of OmpA. The CTD-OmpA from S. enterica
crystallized with two molecules in the asymmetric unit, but the
functional or structural relevance of this result is still lacking.
These several circumstantial indications that OmpA may indeed
exist and function as a dimer prompted us to investigate the
oligomeric state of OmpA using mass spectrometry (MS).
With the advent of improved instrumentation and methodolo-
gies, nondenaturing MS has been applied increasingly to the
study of membrane protein complexes (Marcoux and Robinson,
2013). Pioneering efforts in this field led to uncovering of the sub-
unit stoichiometry and the identification of interactions between
different membrane proteins (Barrera et al., 2009; Wang et al.,
2010). The binding of lipids to membrane proteins has also
been studied using MS (Barrera et al., 2013; Zhou et al., 2011).
When MS is coupled with measurements of ion mobility (IM),
IM-MS can provide topological information of gas-phase ions
in the form of an orientationally averaged collision cross-section
(CCS) (Ruotolo et al., 2005). This experimental setup enables the782 Structure 22, 781–790, May 6, 2014 ª2014 Elsevier Ltd All rightsgas-phase separation of ions not only according to their mass-
to-charge ratios but also according to their shapes or conforma-
tion. The CCS values (in A˚2) depend on the size and shape of the
proteins in the gas phase and can be used to examine confor-
mational changes and distinguish between different structural
models of proteins (Ruotolo et al., 2005, 2008). They may also
be used as restraints to model previously unknown structures
(Baldwin et al., 2011; Hall et al., 2012b; Politis et al., 2013). Using
these methods, we previously demonstrated that the quaternary
structures of two tetrameric membrane proteins could be pre-
served in the gas-phase (Wang et al., 2010). We also applied
IM-MS to examine the conformational dynamics of the F1Fo
ATPase from Thermus thermophilus (Zhou et al., 2014) and
the murine ATP-binding cassette transporter P-glycoprotein
(Marcoux et al., 2013).
In the present study, we used MS to examine the quaternary
structure of OmpA and found coexisting populations of mono-
mers and dimers in detergent micelles. To define the dimer inter-
face, the oligomeric states of several deletion constructs of
OmpA were determined by MS, and IM-MS was used to obtain
topological information on these constructs. The crystal and
NMR structures of TM-OmpA together with a homology model
of CTD-OmpA based on the crystal structure from S. enterica
were combined with MS and restraints derived from chemical
crosslinking (Zheng et al., 2011) to build a model of FL-OmpA
from E. coli that is based on experimental data.
RESULTS
A Hybrid Experimental and Modeling Strategy
The workflow describing our hybrid experimental and modeling
strategy to determine low-resolution structural models of
FL-OmpA is depicted in Figure 1 and Figure S1 available online.
We prepared several deletion and point mutations of OmpA (Fig-
ure 2A) and used native MS to localize the dimer interface to the
CTD of OmpA. We next generated models for monomeric and
dimeric CTD-OmpA, screened them with previously determined
chemical crosslinking restraints, and scored them with experi-
mental CCS data from IM-MS experiments. The best model of
the CTD-OmpA dimer was then combined with the NMR struc-
ture of the N-terminal b-barrel TM domain, and the resulting
FL-OmpA monomer and dimer models were validated using
IM-MS.
Residues 188–276 Are Responsible for Partial OmpA
Dimerization
The quaternary structures of FL-OmpA and TM-OmpA were
analyzed in n-dodecyl-b-maltoside (DDM) micelles by native
MS, that is, using carefully controlled MS conditions designed
to disrupt micelles but to retain subunit interactions (Barrera
et al., 2009; Marcoux and Robinson, 2013). Although TM-
OmpA showed several charge states corresponding to mono-
mers (Figure 2G), FL-OmpA displayed a second set of peaks
(shown in red in Figure 2B) that indicate the presence of dimers.
This dimer can be unequivocally assigned and differentiated
from the monomer using the additional separation dimension
provided by IM (Figure S2).
In order to define more precisely the dimer interface, we
inserted stop codons after residues 276 and 226 (Figure 2A;reserved
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Figure 2. The C-Terminal Domain of OmpA Is Responsible for Partial Dimerization
(A) FL-OmpA is composed of an N-terminal transmembrane b-barrel (cyan) and a periplasmic C-terminal (C-ter) domain (yellow) separated by a proline-rich linker
(green). The eight strands of the barrel are represented by black arrows, and the secondary structure helices and strands of the CTD are color coded, as seen in
Figure 3. The residues highlighted in red represent the locations of the stop mutations inserted at P177, L227, and R277.
(B–G) Mass spectra obtained from native solution conditions for the different transmembrane constructs. The peaks corresponding to the dimer are highlighted in
red. All constructs were sprayed at concentration between 10 mM (FL-OmpA) and 30 mM (TM-OmpA). See also Figure S2 and Table S1. The red stars indicate
lysines 192 and 317, which were changed to alanines in some constructs.
Structure
Model of FL-OmpA Based on Experimental DataTable S1). The oligomeric state of the resulting truncated
proteins were assessed using nondenaturing MS. OmpA 1-276
was found to form a population of dimers, whereas OmpA
1-226was present only as amonomer (Figures 2D–2F). These re-
sults were confirmed in solution by chemical crosslinking. Equal
amounts of the four constructs were incubated with ethylene
glycol-di-succinimidyl succinate (EGS) and loaded on an SDS-
PAGE gel. The crosslinked FL-OmpA and construct OmpA(1-
276) were observed asmonomer and dimer, whereas constructs
OmpA(1-176) and OmpA(1-226) show only monomeric species
(Figure S2D).
Lysines 192 and 317 were shown to be crosslinked in vivo
(Zheng et al., 2011), which prompted us tomutate these residues
into alanines and assess the oligomeric state(s) of the resulting
constructs using nondenaturing MS. The variant K317A retainedStructure 22the ability to form dimers, consistent with the results obtained
for OmpA(1-276) (Figure 2C). However, the formation of dimers
was abrogated in the K192A mutation, and monomers were
generated almost exclusively (Figure 2E).
We next asked whether the C-terminal domains alone could
form dimers. Therefore, we prepared and analyzed three
constructs of the soluble C-terminal domain: CTD-OmpA
(residues 188–325), CTD-OmpA-A (residues 188–276), and
CTD-OmpA-B (residues 227–325). The longest construct
CTD-OmpA, encompassing the entire C-terminal region, was
present as both monomers and dimers (Figure 3) over a
concentration range that spans an order of magnitude (6.9
to 69 mM) (Figure S3). CTD-OmpA-A was also able to form
dimers, as was the construct OmpA(1-276). However, CTD-
OmpA-B was present only as a monomer, confirming that, 781–790, May 6, 2014 ª2014 Elsevier Ltd All rights reserved 783
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Figure 3. Residues 188 to 276 of the CTD Are Sufficient to Form a Dimer Interface
Spectra obtained under native conditions for the soluble C-terminal constructs of OmpA after cleavage of the 27 N-terminal residues (MBP+6-His tag) by the TEV
protease. The corresponding structural models (based on PDB accession number 4ERH) are represented on the right. CTD-OmpA and CTD-OmpA-A but not
CTD-OmpA-B were able to form a population of dimers (red). See also Figure S3.
Structure
Model of FL-OmpA Based on Experimental Datathe minimal amino acid sequence 188–276 is required for
dimer formation.
Modeling of the CTD-OmpA Dimer
Having established the residues responsible for the dimerization
of OmpA, we set about building a model for FL-OmpA by
combining information from three types of experiments, namely,
native MS from detergent micelles, IM-MS, and chemical cross-
linking, the latter published elsewhere (Zheng et al., 2011). The
crystal structure from S. enterica (PDB accession number
4ERH) was used as a template to generate amodel for themono-
meric C-terminal domain from E. coli (94% sequence identity,
Figure S4) using the SWISS-MODEL Repository (Kiefer et al.,
2009; Kopp and Schwede, 2004). The drift time measured
for monomeric CTD-OmpA (Figure 4) gave rise to a CCS of
1,505 ± 25 A˚2, in good agreement with the CCS of 1,488 A˚2
calculated for our model, validating our model of the monomeric
CTD-OmpA. Interestingly, the CCS values calculated for the two
other homologs of CTD-OmpA from A. baumannii and Neisseria
meningitidis, which had lower sequence identities (Figure S4),
were 1,420 A˚2 and 1,659 A˚2, respectively, and agreed less well
with our experimental data, showing the potential of IM-MS to
differentiate even structurally similar homologs.
We next used the SymmDock molecular docking tool
(Schneidman-Duhovny et al., 2005a, 2005b) to generate sym-
metrical dimers of CTD-OmpA. The symmetrical restraint of the
algorithm accounts for the relatively small number of models
generated (795). However, as shown in Figure S1, the sampling784 Structure 22, 781–790, May 6, 2014 ª2014 Elsevier Ltd All rightswas enough to generate a variety of dimeric interfaces that
were assessed individually with experimental data. Two types
of restraints were then used to screen the models generated:
residue-specific distance restraints from previously published
crosslinking experiments (Zheng et al., 2011) and the CCS of
the C-terminal dimer from the IM-MS data.
Of these 795 models, only 20 satisfied the four crosslinking
restraints (Figure S5A; Table S2). Six of these models showed
CCS scores <1%of the highest score (Figures 5A and 5B). These
six best scored models can be classified into two groups with
different spatial arrangements of the monomers. In one arrange-
ment that was seen in four of the models, the dimeric interface
was formed by the 50 last residues of the CTD (highlighted
dark blue and orange in Figure 5C). In the second arrangement
that was seen in two of the models, the orientation of the two
monomers is similar as in the RmpM dimer and the crystal struc-
ture from S. entericaCTD-OmpA, except that the twomonomers
are separated by approximately 25 A˚ (Figure 5D). The four
models in the first arrangement could be rejected because the
native MS and crosslinking experiments showed that the 50
most C-terminal residues were not necessary for dimerization
(Figures 2 and 3). The two models in the second arrangement
do not involve the 50 last residues, which is consistent with the
native MS and crosslinking data (Figure 5; Figure S5). Interest-
ingly, residue K192, which has been shown to be important for
the formation of dimers, is located in the dimer interface in these
two models, and residue K317, which has no effect on dimeriza-
tion, is positioned far from the modeled interface (Figure S5C).reserved
AB
Figure 4. Evaluation of Monomer and Dimer Models of CTD-OmpA
by IM-MS
(A) Native mass spectrum of CTD-OmpA showing both monomer (charge
states 8+ to 5+, black) and dimer (charge states 12+ to 10+, red). The inset
shows the drift time obtained for each charge state.
(B) Arrival time distributions converted to CCS for charge states 7+ of the
monomer (green) and 11+ of the dimer (red). Vertical lines show the CCSs
calculated for our model of CTD-OmpA (green based on PDB accession
number 4ERH from S. enterica) and from PDB accession numbers
3TD3 (magenta from A. baumannii) and 1R1M (orange RmpM from
N. meningitidis). The gray-shaded area shows the ±6% experimental error.
See also Figure S4.
Structure
Model of FL-OmpA Based on Experimental DataIM-MS Reveals Different Conformations of TM-OmpA
and FL-OmpA
Given the fact that the two N-terminal b-barrel domains of an
FL-OmpA dimer must be embedded in the same membraneStructure 22and that they most likely follow the symmetry of the CTDs, there
are only limited possibilities for assembling the TM and flexible
linker domains onto the CTD-OmpA dimer model (Figure 6A).
The resulting model of the FL-OmpA dimer is consistent with
the CCS of CTD-OmpA and results from crosslinking; we now
need to validate the monomeric and dimeric FL models.
To investigate the conformational state(s) of the TM and FL-
OmpA and to validate the models generated above, we carried
out IM-MS. The MS and IM contour plot of TM-OmpA shows
different charge states from 6+ to 13+ (Figure 6C). Two charge
state series could be discerned corresponding to a predominant
extended (red) and a more compact (blue) conformation of
monomeric TM-OmpA along with detergent clusters (black).
CCSs were obtained for each one of these charge states and
compared with theoretical values calculated using four different
PDB files (Figure 6E). We assign the higher charge states to
extended conformations, most likely due to Coulombic repulsion
between charged residues as reported previously (Clemmer
et al., 1995). The CCS measured for low charge states of the
extended conformation were in good agreement with values
calculated based on the NMR structures containing the same
number of residues (PDB accession numbers 2GE4 and 1G90).
The CCS measured for the most compact conformer identified
here corresponds to values calculated based on X-ray structures
lacking the last five C-terminal residues of TM-OmpA (PDB
accession number 1BXW) or lacking the flexible loops located
on the extracellular side (PDB accession number 1QJP). This
indicates that these residues are partially collapsed in the gas
phase, in line with observations made for the small b-barrel
membrane protein PagP (Borysik et al., 2013). We conclude
therefore that the multiple conformations observed for TM-
OmpA correspond to native-like and more extended confor-
mations, together with structures in which the flexible loops or
unstructured C terminus are collapsed.
When similar experiments were carried out with FL-OmpA, the
native mass spectra showed dimeric and monomeric popula-
tions, and IM-MS revealed compact dimers and both compact
and extended monomers (Figure 6D). The overall similar CCS
distribution patterns of FL- and TM-OmpA indicate that some
compact conformers likely originate from a collapse of the loops
and that the lower charge states of the extended conformer
correspond to native-like populations of the monomer. The
compact conformations could also arise from a collapse of the
flexible linker, bringing the C-terminal and TM domain in contact,
as seen in IM-MS experiments of proteins containing intrinsically
unstructured regions (Pagel et al., 2013) and inMD simulations of
monomeric FL-OmpA in a lipid bilayer (Khalid et al., 2008). When
manually collapsing the C-terminal region of the FL-OmpA
monomer onto the TM domain, and calculating a CCS for this
model, we obtain a value that is in good agreement with the
one determined experimentally (Figure 6F, blue line). Therefore,
the lowest CCS observed for the monomer most likely corre-
sponds to a collapse of both the flexible linker and the external
loops (Figure 6F, cyan line). The theoretical CCS measured for
our model of FL-OmpA dimer is, however, in remarkably good
agreement with our experimental values (Figure 6F). This result
implies that the linkers between the TMand periplasmic domains
of OmpA are stabilized in the dimer such that its conformation is
preserved in the gas phase without unfolding or collapse., 781–790, May 6, 2014 ª2014 Elsevier Ltd All rights reserved 785
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Figure 5. Scoring the SymmDock Models of the CTD Dimer
(A) Plot of the CCS calculated for each dimer model. The crosslink scores are color coded (with blue, green, yellow, orange, and red diamonds corresponding to
zero, one, two, three, and four penalties, respectively). The black line represents the experimental value obtained for the dimer of CTD-OmpA, and the red lines
show the ±3% experimental error.
(B) Plot of the CCS score obtained for the 20 models with no crosslink penalty. The red box shows the models with scores <1% of the highest score.
(C and D) The two clusters observed among these lowest score models (solutions A and B, respectively). The regions colored dark blue and orange correspond to
residues 277 to 325, which are not required for dimer formation. See also Figure S5 and Table S2.
Structure
Model of FL-OmpA Based on Experimental DataDISCUSSION
We have shown not only that FL-OmpA can form a population of
dimers but also that the dimerization interface is due to interac-
tions between its highly conserved soluble CTD. As seen for the
transmembrane and soluble constructs, residues 188 to 276 are
sufficient to maintain the same population of dimers as the FL-
OmpA. The fact that the dimer is not the predominant species
could arise from dissociation in the gas phase due to the activa-
tion required to remove the protein from the DDMmicelle or due
to instability in detergent micelles. However, the soluble con-
structs yielded the same relative amounts of dimer (30%).
The fact that in vivo crosslinking generates dimers only partially
(Zheng et al., 2011) indicates that OmpA is in equilibrium
between monomeric and dimeric states, as seen here. The pres-
ence of this oligomeric heterogeneity could explain the poor
propensity of FL-OmpA to crystallize, hence the importance of
understanding the structural basis of this equilibrium.
Our integrative modeling strategy based on MS, crosslinking
constraints, and CCS values determined by IM-MS enabled us
to identify just two possible conformations for the C-terminal
dimer out of the 795 models generated. Further analysis of trun-
cated constructs and the determination of their propensity to786 Structure 22, 781–790, May 6, 2014 ª2014 Elsevier Ltd All rightsform dimers byMS clearly showed that only one of these models
is possible, because residues 277 to 325 cannot constitute the
dimeric interface. When assembling the dimer of the CTD to
the N-terminal b-barrels, the lack of information regarding the
orientation of the barrels and the degree of folding or collapse
of the linker leads to a low-resolution model. However, the fact
that the N termini of the soluble domains are oriented in the
same direction, and assuming that the barrels are parallel as
anticipated in the membrane bilayer, this restricts the number
of possibilities for assembling the FL dimer.
The good agreement between ourmodel and the experimental
CCS obtained for the FL-OmpA monomer with some unfolding
and collapse and for the dimer without collapse indicates that
the proposedmodels are plausible. It was surprising to see close
similarity between our model for the FL-OmpA monomer, based
on experimental data, and the one proposed from MD simula-
tions of P. multocida OmpA (Khalid et al., 2008). The main differ-
ence between the two arises from the proline-rich linker between
the b-barrel and the CTD, which consists of only four residues in
P. multocida but 18 residues in E. coliOmpA. The larger freedom
from the longer linker enables correct orienting of the CTD with
respect to the N-terminal TM domains. However, because both
the N-terminal domainsmust be located in themembrane bilayerreserved
Structure
Model of FL-OmpA Based on Experimental Dataand the C-terminal domains are constrained by the location of
the dimeric interface, their relative orientations are fixed, and
the only flexibility therefore arises from the unstructured linker.
The main question now remains to understand the physiolog-
ical role of this population of dimers. The only eight-stranded
b-barrels that have been shown to form dimers so far are the sol-
uble enzymes RNA triphosphatase from yeast (Lima et al., 1999)
and the bovine Cu,Zn superoxide dismutase (Smith et al., 1992).
To date, no integral membrane eight-stranded b-barrel protein
has been shown to exist as a dimer. Given the fact that OmpA
playsamajor role inmaintaining thestructural integrityof theouter
membrane via interactionswith peptidoglycans, it is possible that
the dimer helps stabilize this interaction. Alternatively, binding of
such a ligand could change the dimerization surface. However,
the binding site identified for the diaminopimelate, a bacterial
amino acid from the peptidoglycan (Park et al., 2012), is not
located at the dimeric interface identified in our model, and these
hypotheses would be interesting to consider for further work.
Additionally, the soluble domain of OmpA has been proposed
to play a role in membrane conductance, with FL-OmpA forming
large and small conductance channels, whereas TM-OmpA ex-
hibits only small conductance (Arora et al., 2000). It has been
suggested that upon increase in temperature, the C-terminal
domain of FL-OmpA refolds to extend the 8-stranded N-terminal
barrel to form a 16-stranded barrel of higher conductance
(Zakharian and Reusch, 2005). The fact that the truncated
OmpA-1-276 and OmpA-188-276 were also able to form dimers
suggests that in the context of the dimer, the soluble domains are
not integrating into this proposed 16-stranded pore.
Dimerization as a mechanism to regulate an enzymatic role is
also plausible, as seen for the dimeric OmpA (OmpLA) (Snijder
et al., 1999). OmpA by contrast has no known enzymatic activity.
An increasing number of studies in different species, however,
have shown that OmpA can bind soluble proteins from the com-
plement (Prasadarao et al., 2002) and dendritic cells to activate
their production of cytokines (Pore et al., 2012; Soulas et al.,
2000; Torres et al., 2006). Whether this role in the immune
response, through the external loops, requires a change in the
oligomeric state and potentially the stability of OmpA is an
attractive proposition that will require further investigation.EXPERIMENTAL PROCEDURES
Expression and Purification of OmpA Constructs
Transmembrane Constructs
The FL-OmpA and truncated OmpA constructs encompassing the transmem-
brane domain of OmpA were expressed in the OmpA- E. coli strain DlamB
ompF: Tn5 DompADompC, using a pET1113 vector and purified as described
previously (Kleinschmidt et al., 1999). The stopmutations at residues 188, 227,
and 277 were inserted using the QuikChange II site-directed mutagenesis kit
(Agilent Technologies) and themismatch nucleotides listed in Table S1. All con-
structs containing the TM domain were expressed in inclusion bodies, solubi-
lized, and purified by ion-exchange chromatography in 8M urea as described.
The unfolded proteins were refolded by rapid dilution into DDMmicelles. Typi-
cally, 2 to 5 ml aliquots of a 10 to 25 mg/ml protein solution were diluted into
0.1 ml of a 5 mM DDM solution in 200 mM ammonium acetate (pH 9.0) buffer.
The reaction was incubated at room temperature or 37C for 16 hr. The final
protein concentrations were approximately 0.5 mg/ml in 5 mM DDM.
Soluble Constructs
The genes coding for the soluble constructs 188–325, 188–276, and 227–325
were subcloned into a modified pET28 vector using the Infusion HD Cloning kitStructure 22(Clontech Laboratories) and the pET1113 vector as a template. The PCR prod-
ucts were obtained with the primers listed in Table S1 and cloned in the pET28
vector previously linearized with the restriction enzymes BamH1 and Xho1. All
constructs were sequenced to confirm their identities. The soluble constructs
were then transformed in E. Coli BL21-Gold (DE3) (Agilent Technologies),
induced with 0.5 M isopropyl b-D-1-thiogalactopyranoside and purified via
their 6-His tag on a His Trap HP (GE Healthcare). Proteins were eluted from
the column with 50 mM Tris (pH 7.4), 300 mM NaCl, and 500 mM imidazole
and then cleaved overnight with recombinant tobacco etch virus (TEV) prote-
ase. After removing the imidazole on Amicon concentrators (Millipore), the
cleaved proteins were reloaded on the His Trap column in order to remove
any uncleaved protein and the His-tagged TEV.
Native IM-MS
Prior to analysis, proteins were buffer exchanged in 200 mM ammonium ace-
tate (pH 7.4) (supplemented with 0.02% DDM for transmembrane constructs)
using Micro Bio-Spin 6 columns (Bio-Rad Laboratories). Samples were then
loaded onto in-house-prepared nanoflow capillaries (Herna´ndez and Robin-
son, 2007) and analyzed on a quadrupole IM time-of-flight mass spectrometer
(Synapt HDMS; Waters) modified for the transmission of high-molecular-
weight complexes and to enable the measurement of CCS without previous
calibration, as described elsewhere (Bush et al., 2010; Hall et al., 2012a).
Mass spectra were calibrated externally using a 100 mg/ml solution of cesium
iodide and analyzed with MassLynx and Driftscope software (Waters). The
theoretical CCSs were calculated using a scaled projection approximation
method (Benesch and Ruotolo, 2011). Transmembrane proteins, requiring
enough activation to dissociate from the DDM micelle, were sprayed using
the following parameters: capillary, cone, extraction, and trap voltages were
set to 1.7 kV, 100 V, 0.8 V, and 165 V, respectively, with a backing pressure
of 8.0 mbar. Argon flow in the collision cell was set at 5.6 ml/min. Soluble con-
structs were sprayed with the following parameters: 1.6 kV, 20 V, 0.8 V, and
10 V, respectively, for capillary, cone, extraction, and trap voltages and
2 ml/min argon flow. In both cases, the pressure in the mobility cell was set
at 2.15 torr with a 50ml/min flow of helium, and the temperaturewasmonitored
with a thermocouple (Omega Engineering). Drift times were acquired for drift
voltages ramping from 50 to 150 V with 5 to 50 V steps.
Crosslinking
Proteins were first buffer exchanged in PBS (pH 7.4) supplementedwith 0.02%
DDM using Micro Bio-Spin columns and diluted to 10 mM. Samples were then
incubated for 2 hr at room temperature with 250 equivalents of EGS (Creative
Molecules) in DMSO. Controls were incubated with an equivalent volume
of DMSO. Samples were boiled for 15 min before loading on a NuPAGE
Bis-Tris minigel (Invitrogen).
Description of the Modeling Steps
(1) A homology model of the CTD of E. coli was first generated with SWISS-
MODEL, based on the CTD from S. enterica (PDB accession number 4ERH,
94% sequence homology). (2) Models for the dimer of the CTDwere generated
using the SymmDock algorithm, with no binding site or distance restraint spec-
ified and the following parameters: symmetryParams: 2 120 (to improve the
sampling), scoreParams 0.17.0 0.542 0 1 0 (to be more tolerant to steric
clashes), and clusterParams 0.1 2 1.0 (to allow small clusters). With these pa-
rameters, and a symmetry order of two (for a dimer), we obtained a maximum
of 795 models. (3) These models were then filtered using distance restraints of
25 A˚ for the four crosslinks described previously (Table S2). Of the 795models,
only 20 respected these four constraints. (4) The generated model structures
were evaluated using a scoring scheme capable of measuring their closeness
of fit to experimental CCS as described previously (Hall et al., 2012b; Politis
et al., 2013). In brief, this scoring scheme is expressed as a harmonic function
of the restrained feature (CCS), as described in Equation 1:
SCCS =

CCSexp  CCScalc
sexp
2
; (Equation 1)
where sexp regulates the strength of the restraint and is determined by the
uncertainty in the data. For CCS measurements, we use two SDs from the
mean (±6%), as defined in a previous study (Hall et al., 2012b). The scores, 781–790, May 6, 2014 ª2014 Elsevier Ltd All rights reserved 787
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Model of FL-OmpA Based on Experimental Datameasured for these models ranged from 41 for the best fit to 3,207,757 for the
largest deviation (worst model). The 20 models that respected the crosslink-
ing constraints had scores ranging between 205 and 2,303,755. After normal-
ization of these scores (Figure 5B), we found that the six best models showed
CCS scores <1% of the highest score and 4.5% for the seventh. We selected
these six best models for further modeling steps. (5) These 6 models were
clearly clustered in two different orientations, as seen in Figures 5C and 5D.
The cluster represented in Figure 5C showed a dimeric interface relying
mainly on the 50 last amino acids, which are not required for dimerization,
as shown by native MS on the transmembrane and soluble constructs. The
cluster in Figure 5D was thus selected for the last modeling step. (6) This
model of the dimer of the CTD from E. coli was finally manually fused with
PyMOL to the missing transmembrane parts and linkers. The b-barrels
(PDB accession number 1G90) were first positioned in parallel, facing the
dimeric model of the CTDs. The barrels and CTDs were then joined by two
18-residue linkers extracted from the NMR structure of OmpA from Klebsiella
pneumoniae (PDB accession number 2K0L). This latter is the only structure
available with such a long linker, and the linker sequences are identical in
the two species. The fact that the C termini of the barrels are facing down
and the N termini of the CTDs are facing up greatly facilitated the fusion of
the two domains with the linkers that are nearly linear. We are aware of the
fact that these manual fusions are performed with many degrees of freedom,
leading to some uncertainty. However, the purpose here is not to provide a
high-resolution structure but to propose a low-resolution arrangement of
the dimeric FL-OmpA in order to better understand its overall structure. The
fact that the experimental CCSs of the FL monomer and dimer agree very
well with our models suggests that these models are fair representations of
the monomer and dimer structures.
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